Yield and fiber quality of cotton even varies within locules in a boll, but it is not clear how yield components and quality parameters are altered across seed positions of a locule (SPL). A field experiment was arranged in a split plot design with transgenic insect resistant Bt (Bacillus thuringiensis) cotton hybrid cultivar CRI75 and conventional cultivar SCRC28 as the main plots, and three plant densities (15 000, 51 000 and 87 000 plants ha -1 ) as the subplots in 2012 and 2013 at Anyang, Henan Province, China. Cotton was hand harvested by node and fruiting position, and then seeds of the first fruiting position bolls from nodes 6-10 were separated by SPL. The effects of plant density on lint yield, fiber quality, especially across SPL were determined. It was showed that plant densities of 51 000 and 87 000 plants ha -1 increased lint yield by 61.3 and 65.3% in 2012 and 17.8 and 15.5% in 2013 relative to low plant density (15 000 plants ha -1 ), however, no significant difference was observed between 51 000 and 87 000 plants ha -1 . The number of bolls (boll density) increased while boll weight decreased as plant density raised, and no significant changes occured in lint percentage in 2013 but increased with plant density in 2012. The number of bolls in upper nodes and distal fruiting positions, the number of seeds per boll, seed area (SA) and seed vigor index increased with decreasing plant density. Seed area was found to be greater from the base to the middle compared to the apex of a locule. Mote frequency (MF) increased as plant density increased, and fiber quality was the best at the middle of the locule regardless of plant density. As the number of fibers per seed area is genetically determined, adjusting plant density to produce more seeds and greater seed area can be a potentially promising alternative to improve lint yield in cotton. These findings might be of great importantance to cotton breeding and filed management.
Introduction
Cotton (Gossypium hirsutum L.) is an important cash crop worldwide, and Chinese cotton currently accounts for approximately 30% of the world's total production (Dai and Dong 2014) . Improvement in cotton yield and quality through optimal management practices is the eternal goal of cotton agronomists.
Cotton yields can be divided into individual yield components of the number of bolls (boll density), boll weight and lint percentage (McCarty et al. 2008) . Worley et al. (1974) indicated that boll density was the largest contributor to lint yield. However, because cotton fiber is an extension of a seed's epidermal cell, the most basic component of lint yield can be further dissected into smaller units such as seed number per boll (Worley et al. 1974 ) and number of fibers per seed (Clement et al. 2014) . Bednarz et al. (2007) showed that the seed size affected the number of fibers per unit seed surface area and lint mass (Imran et al. 2012) . Cotton fiber quality also depends on fiber properties such as average fiber length, fiber uniformity, micronaire value, and fiber strength (Bradow et al. 1997) . However, Smith and Coyle (1997) noted that fiber length and strength were negatively correlated with basic within-boll yield components.
Cultivar selection (Kabiri et al. 2012; Braunack 2013 ) and plant density manipulation (Narkhede et al. 1996; De Oliveira et al. 1999; Bednarz et al. 2006; Liu et al. 2012) have been widely used as the most effective agronomic practices in many countries. Numerous studies have been conducted on the effects of plant density and cultivar on cotton yield components (Bednarz et al. 2006a (Bednarz et al. , 2007 Feng et al. 2010 ) and fiber quality parameters (Bednarz et al. 2006b; Feng et al. 2011) . Bednarz et al. (2000) have shown that the number of bolls per plant was influenced by plant density. Boll weight and micronaire were generally higher at lower plant density (Jones and Wells 1998) . Yang et al. (2014) indicated that a rational plant density provided a better canopy micro-environment to gain higher yield. Moreover, the morpho-yield traits and fiber quality parameters are a function of the cultivar (Khan and Hassan 2011) . An appropriate plant density may not only maximize cotton yield and fiber quality for a given cultivar but also reduce inputs by minimizing seed use without sacrificing yield. Boroomandan (2009) suggested that the number of seeds in a pod was quadratically related with plant density in soybean, showing that yield components within-fruit may be altered by plant density. However, few studies have focused on the differences in within-boll yield components under different plant densities, especially the seed and lint yield per seed as well as seed and fiber quality across seed positions in cotton locule. Also, cotton lint yield and fiber quality are integrated through whole-plant and within-boll yield components and quality parameters; thus it is necessary to study how the most basic within-boll yield components and fiber quality parameters are influenced by plant density and cultivar. The objective of this investigation was, therefore, to determine how (i) yield components, seed quality and fiber quality parameters across all seed positions were altered with plant density and (ii) these parameters vary across seed positions.
Materials and methods

Experimental site
The field experiment was conducted in 2012 and 2013 at the experimental farm of the Institute of Cotton Research, Chinese Academy of Agricultural Sciences, Anyang, Henan Province, China (36°06´N, 114°21´E) . The field has a medium loam soil with total N of 0.66 g kg -1 , P of 0.01 g kg -1 and K of 0.11 g kg -1 . The average temperatures from April to October were 22.3°C in 2012 and 21.6°C in 2013; sunshine duration was 1 092 h in 2012 and 1 157 h in 2013; active accumulated temperatures (≥15°C) were 4 338°C in 2012 and 3 998°C in 2013; and the total rainfall was 408.2 mm in 2012 and 480 mm in 2013.
Treatments, experimental design and management
The experiment was arranged into a split plot using a randomized complete block design with three replications. The main plots consisted of two transgenic insect resistant Bt (Bacillus thuringiensis) cotton (Gossypium hirsutum L.) hybrid cultivar CRI75 and conventional cultivar SCRC28 and the subplots consisted of three plant densities (15 000, 51 000 and 87 000 plants ha -1 ). The sub-plot was 8 m wide and 8 m long, consisting of 10 cotton rows with row spacing of 80 cm. The commercial Bt (Bacillus thuringiensis) cotton cultivar SCRC28 and the hybrid Bt cotton cultivar CRI75 were sown on 19 April, 2012 and 18 April, 2013. Each subplot was thinned to the targeted plant density at the three true leaves stage.
For both years, the land was ploughed and irrigated in early spring before sowing. The field received a basal application of 225 kg ha -1 N, 150 kg ha -1 P 2 O 5 and 225 kg ha -1 K 2 O before sowing. Supplemental irrigation was provided at approximately 45 mm, by flooding the furrows during the flowering stage. Other field managements were conducted according to local agronomic practices.
Data collection
Seed cotton in each sub-plot was hand harvested three times, before the 20th October for the pre-frost seed cotton. Lint yield and lint percentage for each subplot was determined after ginining. At each harvest, 50 open bolls of seed cotton were randomly harvested and weighed after drying, and then the average boll weight and number of bolls per unit ground area were determined based on the three harvests. During harvest, 20 plants from the middle portions of the two central rows in a subplot were manually harvested by node and fruiting position on the 15th October 2012 and 10th October 2013. Cotton bolls from the same nodes and fruiting positions were combined as the primary samples, and boll number was recorded to study the spatial yield distribution characteristics within the cotton plants (Bednarz et al. 2000) . Boll retention rate at each node (1-16) and fruiting position (1-4) was calculated as the boll number divided by 20 (number of samples from each plot), from which a contour map was made using Surfer12 (Golden Software Inc., USA). The OriginPro 8 and Adobe Illustrator CS5 were used to plot. To determine locule-based yield components and quality parameters, the first fruiting position bolls of nodes 6-10 were selected for locule mapping (Feng et al. 2010) ; thus, 90 primary samples (1 fruiting position, 5 nodes, 18 plots) were used for the locule mapping. The locules of each boll were opened manually, and seeds were separated by seed position of a locule (SPL). The base of the locule was designated as SPL 1, and the SPL from the base toward the apex were successively numbered from 1 to 9. The 90 primary samples were split into 810 subsamples by locule mapping (9 SPL, 1 fruiting position, 5 nodes, 18 plots). Seed cotton yields (SY) and mote frequency (MF) at each SPL were recorded, and then the MF at each SPL was calculated.
After the locule mapping, each subsample was ginned with a laboratory gin to separate lint from seeds, and the lint per seed (SL) and seed number (SN) were also recorded. The lint from different fruiting branches was combined by SPL for each plot. Combined lint samples were sent to the Testing Center of Cotton Quality, Ministry of Agriculture, Anyang, Henan, for high volume instrument fiber analysis (HVI). Fiber quality parameters, namely fiber length (FL), fiber uniformity (FU), micronaire value (FM) and fiber strength (FS), were analyzed. The FL was measured as 2.5% of the span length; FU was determined as the ratio of the mean length to the upper-half mean length expressed as a percentage; FS was determined as the force (cN tex -1 ) necessary to break the fiber bundle (Papastylianou and Argyrokastritis 2014) and FM was measured as the fineness and maturity of the fiber, expressed in standard micronaire units.
The seed samples were acid delinted, and the projected seed area (SA) from each SPL were determined using a scanner (Phantom 9800X, MiCROTEK, Shanghai, China) and Image-pro Plus 7.0 software (Media Cybernetics, Inc., country). After scanning, the seeds were subjected to a coolwarm vigor index (CWVI) test for the best indication of overall seed quality. The CWVI value is the sum of the germination percentages in the standard warm germination test (4 d) and cool germination test (7 d). Based on the CWVI test results, the seed quality was categorized into the following grades (Becker et al. 1999; Williams et al. 1999) : excellent, CWVI of 160 or greater; good, 140-159; fair, 120-139; poor, less than 120.
Statistical analysis
We checked our data for model assumptions of normality (normal Q-Q of fixed and random effects) and hypothesis test and no violation was encountered. Precipitation, air temperature and active accumulated temperatures were different in 2012 and 2013 from April through October at Anyang, Henan, China, data of each year was analyzed separately. All models were fit using factorial ANOVA Mixed-effects Model Proc MIXED (SAS, ver. 9.2, 2004) . Yield, boll numbers, boll weight, seed cotton and lint yield per seed, seed area, seed vigor index, fiber length, micronaire value, and fiber strength were analyzed separately with linear mixed effect models, and multiple comparisons of means were performed using Tukey's HSD test as:
(3) Where, S X is standard error, S e is standard error, m is the number of replication, f e is degrees of freedom, HSD 0.05 is Tukey HSD multiple comparison tests at 0.05 level, q 0.05 is the q value at 0.05 level, α is the number of factor levels. Arcsine of the percentage or frequency data (pre-frost yield rate, frequency of Mote, fiber uniformity) which were not between 30-70% was transformed to fit a linear mixed model, however, the original data were used for mean comparison.
Significant plant density and cultivar interaction suggested that the main effects of plant density and cultivar have to be interpreted with caution. As the effects of the different cultivars were not consistent across plant densities, we split the datasets and performed means multiple comparisons for the fixed effect of plant density and cultivar separately (Table 1) . For the lint yield data of 2013, significant plant density and cultivar interaction was encountered. Therefore, we performed means multiple comparisons of SCRC28 and CRI75 (Fig. 1) . The same applied to interactions between cultivar and SPL and plant density and SPL. We defined a difference to be significant if P<0.05.
Results
Yield
No significant differences in lint yield between cultivars were observed in 2012 but significant differences were found in 2013, and lint yield of SCRC28 increased by 13.2%. Lint yield increased significantly with increasing plant density and the 51 000 plants ha -1 density increased yield by 38.0% (2012) and 15.1% (2013) compared with the 15 000 plants ha -1 . However, there was no significant increase between 51 000 and 87 000 plants ha -1 in both years (Table 1 ). There was considerable interactive effect of cultivar and plant density on lint yield in 2013 with the lint yield of SCRC28 being significantly higher than that of CRI75 across plant densities, especially at 87 000 plants ha -1 . The highest lint yield of CRI75 occured at 51 000 plants ha -1 (Fig. 1 ).
Pre-frost yield rate was maximized at 51 000 plants ha -1 , being 4.2% in 2012 and 3.5% in 2013 higher than at the lowest density (Table 1) . As shown in 
Yield components
No significant interactive effect of cultivar and plant density was observed in either year. Boll retention rate varied inversely with plant density at the upper nodes (Fig. 2) . In 2012, the rate at the upper nodes (above node 10) at 15 000 plants ha -1 was 5.0-35.0% higher than that at both 51 000 and 87 000 plants ha -1 . In 2013, the boll retention rate at the upper nodes at 15 000 plants ha -1 was 10.0-25.0% higher than that at 51 000 plants ha -1 ; 5.0-15.0% higher at the 51 000 plants ha -1 than that at 87 000 plants ha -1 (Fig. 2) . Boll retention rate at distal fruiting positions (beyond the 1st position) decreased with increasing plant density and the rates at 15 000 plants ha - 
Within-boll yield components
Seed cotton and lint yield per seed The lowest plant density (15 000 plants ha -1 ) produced the greatest SY and SL, and both parameters at 51 000 and 87 000 plants ha -1 were not significantly different in 2012 (Table 2 ). The hightest SY and SL in 2013 was at 51 000 plants ha -1 , being 11.7 and 13.8% higher than at 87 000 plants ha -1 . At the within-boll level, both SY and SL varied with SPL. The highest SY and SL occurred at the middle and declined towards both ends of the boll. The lowest SY and SL occurred at the 9th SPL. In 2012, interactions between plant densities and SPL, and between cultivar and SPL were significant for SY and SL (Table 2) . Both SY and SL of CRI75 were higher than those of SCRC28 at the base but lower at the middle and apex of the bolls (Fig. 3) . In addition, the differences in SY and SL between CRI75 and SCRC28 were greater at the boll apex than at the base (Fig. 3) . The effects of plant density on SY and SL were greater at the base than at the middle and apex of the boll (Fig. 4) . Seed number per boll and mote frequency per seed position The SN was not affected by cultivar but it decreased significantly with increasing plant density (Fig. 5) . At 87 000 plants ha . At the within-boll level, considerable interaction effects between cultivar and SPL on MF were found in the both years (Table 3 ). The lowest MF was observed at the middle of the boll and increased towards both ends. The base of the bolls had the greatest MF (Fig. 6) . In 2012, comparing with the MF of CRI75, the MF of SCRC28 was 3.0-22.0% higher from the base to the middle of the boll but 12.0-27.0% lower at the boll apex (Fig. 6) . In 2013, the MF of SCRC28 was 7.0-20.0% higher than that of CRI75 across SPL. Projected seed area As shown in Table 2 , the SA decreased as plant density increased in 2012. At the within-boll level, the difference in SA was detected at different SPLs in the both years ( Table 2 ). The largest SA (0.37 cm 2 ) was found at the middle of the boll (3rd SPL in 2012; 3rd, 4th SPL in 2013), and the smallest at the boll apex (9th SPL). A gradual reduction in SA was observed from the middle to both ends of the boll. In 2012, the SA of SCRC28 was much greater than that of CRI75, but no difference was found in 2013.
Seed vigor and fiber quality parameters
CWVI The cool-warm vigor index (CWVI) was used as an indicator of overall seed quality. The seed vigor index was little different between cultivars but varied significantly among plant densities and SPL; it decreased with increasing planting density and was favorable at the base to middle of the boll.
We categorized the seed quality as good overall (among cultivars and plant densities) and excellent at the base of the boll but fair at the boll apex based on the CWVI (Table 3) .
Fiber length and uniformity
The main effect of cultivar on fiber length was significant in 2012 but not in 2013 (Table 4 ).
In 2012, the FL of SCRC28 was 0.3 mm shorter than that of CRI75; the FL was best at the plant density of 51 000 plants ha -1 and at the 3rd SPL. In 2013, the longest FL occured at 87 000 plants ha -1 , but no significant difference was found between 51 000 and 87 000 plants ha -1 . At the within-boll level, the FL of CRI75 was 0.5-1.7 mm longer than that of SCRC28, and the longest FLs of CRI75 (29.1 mm) and SCRC28 (28.6 mm) occurred at the 4th and 3rd SPL, respectively (Fig. 7) .
In 2012, the FU of SCRC28 was 1.2% greater than that of CRI75 but there was no difference between cultivars in 2013 (Fig. 7) . In 2013, the highest FU occurred at 51 000 plants ha -1 , followed by 15 000 plants ha -1 , and 87 000 plants ha -1 (Table 4) . At the within-boll level, the interaction between cultivar and SPL had significant effect on FU in 2012 but not in 2013 (Table 4 ). The FU of SCRC28 was approximately 0.8-3.2% higher than that of CRI75, and the differences between the cultivars were more pronounced at SPL close to the apex. As observed for mean fiber length (Fig. 7) , the 3rd SPL also had the greatest FU (85.0% for CRI75; 85.8% for SCRC28).
Micronaire and strength For both years, CRI75 had lower micronaire values than SCRC28 (Fig. 8) , especially at the apex of the boll and values decreased with increasing plant density. At the within-boll level, the micronaire gradually declined from the base toward the apex of the boll (Table 4 ).
The cultivar effect on FS was significant in 2013 but not in 2012 (Table 4 ). In 2013, the FS of SCRC28 was 1.8% lower than that of CRI75. At the within-boll level, seed positions close to the boll apex had the lowest FS. In 2012, there were significant differences between CRI75 and SCRC28 in FS across SPL.
Discussion
Yield and yield components
Parabolic correlation was found between crop yields and plant density, if other factors are in an optimal level, thus either too high or too low plant density would sacrifice crop yield (Yang et al. 2014) . This study confirmed the common perception that cultivar and plant density were the most important management practices for improving lint yield and within-boll yield components. Snowden et al. (2013) showed that boll distribution characteristics were related to cotton maturity, which could determine yield and fiber quality. A previous report showed that the number of bolls per plant was influenced by plant density (Bednarz et al. 2000) . In the present study, we found an inverse relationship between plant density and boll number at distal fruiting positions, which might be attributable to intense competition for limited resources as a result of the increased plant densities. The increased plant density resulted in fewer bolls at the upper nodes, which could be explained by the smaller number of main-stem nodes per plant (Jones and Wells 1998; Clawson et al. 2006) . In this study, the most basic within-boll yield components, the SY and SL decreased with increasing plant density. Bednarz et al. (2006a) also observed that individual seed size decreased as plant density increased. We found that the SA decreased with increasing plant density. Moreover, it has been reported that SY and SL were affected by SA (Bednarz et al. 2007; Jones et al. 2014), and Feng et al. (2010) showed that fiber number per unit seed surface area was a hereditary within-boll yield component. Thus, the decreased SY and SL might be explained by the smaller SA at higher plant densities. Additionally, at the same plant density, the current results showed that the highest SY and SL were from the middle to base of the boll, and the lowest at the boll apex, a trend that was also observed for SA. One possible explanation for this pattern is that more dry matter was available at the base and middle of bolls than at the apexes (Tang and Xiao 2013) . Coyle and Smith (1997) concluded that selecting for the greatest possible number of small seeds per boll could improve lint yield. In addition, a greater number of seeds per boll is desirable because of the greater surface area for lint production within each boll (Bednarz et al. 2007; Jones et al. 2014) . In this study, the SN decreased as plant density increased, as reported previously (Bednarz et al. 2006a; Feng et al. 2010) . The SA decreased with increasing plant density, but the optimal plant density (51 000 plants ha -1 )
for maximizing seed numbers may increase the total seed surface area and hence the lint yield.
Seed and fiber quality
Previous studies on seed-set efficiency at different fruiting positions recommended further research on seed vigor index (Bolek and Oglakci 2007 ). In the current study, an excellent seed vigor index was found at the base to the middle of the boll, and MF was relatively lower in those positions than at the boll apex. Seed vigor index increased while MF decreased as plant density decreased, suggesting a greater nutrient gain per seed at lower plant densities. The MF increased from the middle of the boll to both ends, although it was lower at the base than at the apex in 2012. The MF of CRI75 was lower than that of SCRC28 at the boll base in 2012, but that of CRI75 was always lower than that of SCRC28 across SPL in 2013, which indicated that MF was affected by environment (Davidonis et al. 2003) and cultivar (Ragsdale and Smith 2007) . Interspecific hybrids (ISHs) of cotton have been reported to produce high numbers of motes (Saranga et al. 1998) , which is inconsistent with observations in the current study that the hybrid cultivar, CRI75 exhibited lower MF than SCRC28. This might be because the sunshine duration and active accumulated temperature in the study field were more suitable for CRI75. The MF in 2012 was higher than in 2013, possibly due to less sunshine duration at cotton growth period in 2012 than 2013. Cotton fibers are initiated from single cells on the outer epidermis of seeds at anthesis. Fibers elongated from about 2 d after anthesis and the length was determined during the first 25 d after anthesis. Secondary wall formation occured from 15 to 45 d after anthesis, which determined fiber fineness, strength and maturity (Dong et al. 2006) . Several factors could influence fiber quality, and Jones and Wells (1998) indicated that lower plant density produced more late-season bolls which exhibited poorer fiber properties due to insufficient heat units in late season. Longer and more uniform fibers are preferable. A previous study found that FL was not affected by plant density at the field level (when plots were machine harvested and seed cotton across fruiting positions was ginned together) (Bednarz et al. 2006a ), but Bednarz et al. (2006b) showed that lower plant density resulted in longer FL at the canopy level (when plots were hand harvested and seed cotton across fruiting positions was separately ginned). However, the current study showed that FL was longer at higher plant densities while FU was lower and both FL and FU were the best at 51 000 plants ha -1 and from the base to the middle of the boll.
The FM which indicates fiber fineness and maturity decreased as plant density increased. A FM less than 3.5 indicates immature fiber that is prone to breakage, and FM greater than 5.0 is too thick. From our results, the FM at higher plant densities and at the middle and apex of the boll was favorable. However, the FS was not significantly affected by plant density. According to Smith and Coyle (1997) , the FS is determined by a small number of major genes rather than by variations in the growth environment. Thus, to maximize fiber quality, cultivar selection is of the greatest importance, whereas managing plant density to maintain or maximize genetic potential is the secondary (Bednarz et al. 2005; Ragsdale and Smith 2007) .
Conclusion
Under fertilizer application before sowing condition, boll weight of cotton decreased with increasing plant density, possibly due to reductions in SN, SY and SL. Plant density not only influenced the boll weight at the plant level, especially for bolls at upper nodes and distal fruiting positions, but also affected within-boll SY, SL, SN, SA, MF, seed vigor index, and fiber quality. From our data, the plant density of 51 000 plants ha -1 yielded better than other densities. Thus 51 000 plants ha -1 should be the optimal sowing density in the experimental area. Our data also indicated that SY and SL were greater at the apex than at the base or middle of a boll, while the MF was the lowest at the middle and increased from there to both ends of the boll. Seed vigor was excellent at the base of the boll but fair at the boll apex. The SA, FL and FU were good from the base to the middle of a boll and poor at the apex. Better quality fiber and seed were produced from the base to middle part of a boll at 51 000 plants ha -1 .
